The authors paid particular attention to the problem of antenna impedance measurements in the RFID technique. These measurements have to be realized by using two ports of a vector network analyzer and dedicated passive differential probes. Since the measurement process and estimated parameters depend on the frequency band, operating conditions, type of the system component and antenna designs used, appropriate verification of the impedance parameters on the basis of properly conducted experiments is a crucial stage in the antenna synthesis of transponders and read/write devices. Accordingly, a systematized procedure of impedance measurements is proposed. It can be easily implemented by designers preparing antennas for different kinds of RFID applications. The essence of indirect measurements of the differential impedance parameters is discussed in details. The experimental verification has been made on the basis of a few representative examples.
Introduction
The Radio Frequency Identification (RFID) technique is being used increasingly in automated processes of object identification [1] . It is especially developed in various areas of people's economical and social activities, e.g. industry, consumer market, science, medicine, logistics and many other fields [2] [3] [4] [5] . A typical RFID system consists of transponders which are used for marking objects, and also a read/write device (RWD) and its antenna which form a management centre (Fig. 1) . The operational capability of RFID systems is characterized by the interrogation zone (IZ) which is estimated in any direction of 3D space (ΩID) taking into account the changing localizations of activated transponder/transponders. The IZ parameter covers problems of energy and communication activity of all parts of the system arrangement. It also determines and comprehensively describes the possibilities of application of an RFID system in desirable automated processes. Moreover, on the basis of this parameter, it is possible to build a knowledge base about essential properties (parameters) of RFID equipment (transponders, RWD and its antenna).
It should be noted that many parameters and phenomena describing RFID systems have to be considered in a different way than it is in the classical theory of typical radio communication systems. For this reason, the authors paid particular attention to the problem of antenna impedance measurements. These measurements in a RFID application have to be realized by using two ports of a Vector Network Analyzer (VNA) and dedicated Passive Differential Probe (PDP). Since the measurement process and estimated parameters depend on the frequency band (LF/HF/UHF), operating conditions, type of the element (transponder/RWD) and antenna designs used, the appropriate verification of the impedance parameters on the basis of properly conducted experiments is a crucial stage in the antenna synthesis of RFID transponders and RWDs. It should be emphasized that precise values of antenna parameters are essential for estimating the main parameter -interrogation zonedescribing a RFID system in its target application and also that the interrogation zone is very sensitive to errors made at the antenna design stage [6] .
The usefulness of the RFID technique is determined by the possibility of its implementation to a particular situation and designed system efficiency in operational conditions. This can be predicted using the above-mentioned knowledge basis of system parameters.
Measurement problem
According to the main classification of RFID systems it is possible to distinguish applications operating in the inductive or radiative coupling regime. In the first group, the carrier frequency is between 100 kHz and 135 kHz (typically 125 kHz) for the LF band or 13.56 MHz in the HF band whereas in the second group -from 860 MHz to 960 MHz (UHF band), depending on the region of the world [1] .
The inductive coupled systems operate by utilizing a zone that is characterized by an inhomogeneous magnetic field (characterized by the magnetic field strength H - Fig. 1 ) and strong coupling (characterized by the mutual inductance M - Fig. 1 ) between antennas of the arrangement components. For the typical operating frequency f0=125 kHz in the LF band the wavelength λ is 2400 m and for f0=13.56 MHz in the HF band λ is about 22 m. For this reason, the RWD and transponder antennas are made in the form of a loop which is small in relation to λ (Fig. 2) . The inhomogeneous magnetic field generated in the RWD antenna vicinity is a medium for both energy transfer and wireless communication. The communication mechanisms are implemented in adequate protocols (for the LF band: UNIQUE, HITAG, TIRIS, for the HF band: ISO/IEC 15693, ISO/IEC 14443, ISO/IEC 18000-3 and others).
During antenna synthesis (for both components: transponders and RWDs) in the inductively coupled systems, the measurement problem is mainly related to determining parameters of a symmetrical (with respect to ground) antenna loop with an impedance ZL which is different from the typical value of 50 Ω. This impedance can be expressed by the formula:
where: RS and LS denote the series resistance and inductance of the loop antenna, ω=2πf0 describes the pulsation.
Correct specification of the loop parameters has a significant influence on next stages of the synthesis. In the RWD, the results are necessary for the design and construction of an impedance matching circuit [7] [8] [9] [10] [11] whereas in the transponders -for determining the parallel resonance between the antenna and chip [12] [13] [14] . Radiatively coupled RFID systems in the UHF band work in the range of a far field where the emitted wave (of frequency f0) is not only a data carrier but first of all an energy source (of power density S - Fig. 1 ). The electromagnetic field is always generated by the RWD. The RWD antenna together with transponder antennas comprise a radio communication arrangement that has to be wave-and impedance-matched (Fig. 2) . It should be emphasized that classical impedance matching of a transmitter and receiver is established only between the RWD output and the connected antenna (50 Ω). If a transponder appears in the interrogation zone, it can be supplied with energy and the data can be exchanged but the backscattered modulation is used to send answers back to the RWD. In the transponder backscattering response the emitted wave is only partially reflected towards the RWD because of switching load impedance of the internal chip -this process is extremely power-saving but the conveyed energy is limited . The appropriate communication mechanisms are defined by ISO/IEC protocols, e.g. ISO/IEC 18000-6 (EPC Class 1 Gen 2), 18000-4 for the UHF band.
In RFID systems in the UHF band, the measurement problem concerns transponders and consists in the necessity of determining an impedance that is different from the common value of 50 Ω. This impedance can be described as:
where RA i XA denote the resistance and reactance of the transponder antenna. The antenna impedance ZA is constant at a given frequency but the chip impedance ZC varies with the power that is transferred from the antenna to the chip [15] . The power level changes are caused by the transponder RF front-end [16] . This characteristic is crucial in the transponder antenna synthesis. The maximum IZ of an RFID system is obtained for full impedance matching of the antenna and chip (ZA=ZC* at the chip sensitivity, where * indicates the complex conjugate) [17] .
The above-mentioned impedance parameters determined in each of the described frequency bands (LF, HF and UHF) are essential for estimating energy and communication conditions of RFID systems. The energy conditions influence the amount of energy conveyed from the RWD to transponders. The communication conditions have an effect on efficiency of data transmission by a wireless medium.
In LF systems, the typical RLC bridge working in the given frequency band can be used for measuring parameters of antenna loops. The measurement problem is more complicated in the HF and UHF bands. Two unsymmetrical 50 Ω ports (P1, P2) of a VNA analyzer and PDP probes ( Fig. 3-a) have to be used in the experimental procedure. The procedure consists in realization of an indirect differential measurement of impedance parameters: balanced Device Under Test (DUT) or Antenna Under Test (AUT) -with respect to a kind of device under test: the antenna or its part. The differential measuring technique is not applied to RWD antennas in the UHF band because the impedance is matched to the typical value of 50 Ω. It is realized by using just the one unsymmetrical port of the VNA. The ports of the analyzer play the function of a signal transmitter or receiver. The function can be distinguished on the basis of an estimated scattering matrix S [18, 19] . The DUT/AUT separation from connection wires is provided by a differential probe. It makes possible to connect test samples to the measurement equipment. The probes should be matched to tested samples individually because of the diversity types and designs of antennas (Fig. 2) [20] [21] [22] . Depending on the requirements of conducted investigations, the probes can be realized by using two connected semi-rigid 50 Ω coaxial cables, for example 3.58 mm RG402 or 2.2 mm RG405 (Fig. 3-b) . Solutions available commercially, e.g. Agilent N1021B (adjustable tip spacing from 0.5 mm to 2.54 mm) [23] , Tektronix P80318 (adjustable tip spacing from 0.5 mm to 4.2 mm) [24] , PacketMicro TDP102xx or TDP104xx (constant tip spacing: 0.5 mm, 0.8 mm, 1.0 mm, depending on the probe) [25] can be also applied.
The test procedure of impedance parameter determination should be performed in several steps (VNA calibration [26] , measurement). In the first step, standard VNA parameter setting and calibration are conducted at the end of the test cables. Then the differential probe is connected to these cables and the port extension technique (open or short circuit) is used to shift the calibration plane to the tips of the probe (the DUT/AUT gate). In most cases, removing the DUT/AUT will leave a suitable open circuit at the new reference plane. The calibration process can be also performed in one step. It can be realized at the probe tips using a suitable calibration substrate (Fig. 3-c) . After calibration, the scattering matrix S is measured and results are used in the impedance parameter (1) or (2) calculations. These parameters are necessary for designing efficient antennas.
Measurement model

Relationship between S and Z parameters
Measurements of the scattering matrix S do not provide immediate readout of the impedance parameters (1) or (2) in DUT/AUT cases. The final dependence of the differential impedance Zd [27] [28] [29] can be found in the branch literature but the problem essence is never disclosed. Nevertheless, the problem is crucial in the context of measuring various antenna structures working in transponders and RWD devices in the LF, HF and UHF bands.
The typical linear two-port network is characterized by DUT/AUT parameters such as the impedance matrix Z or scattering matrix S (Fig. 4) . 
where Z11, Z12, Z21, Z22 are impedance parameters of matrix Z. The scattering matrix S defines relationships between the incoming a1, a2 and outgoing waves b1, b2 (i.e. traveling wave variables): 
where S11, S22 (reflection coefficients) and S21, S12 (transmission coefficients) are the Sparameters defined as: 
The traveling wave variables are defined as follows: 
where Z0 means the real part of the wave impedance substituted electric circuits connected to the input and output of the two-port network. An equal wave impedance Z0=50 Ω is assumed for both circuits (VNA, test cables, differential probe) in the considered case. If variables (6) are used in the model with parameters S (4), the matrix equation is obtained:
where U and I are voltage and current vectors in the two-port network. After simplification, (7) can be written as follows:
On the basis of the distributive property of matrix multiplication over addition and orthogonal property of the unit matrix 1, (8) can be written as follows:
On the basis of (3) and (9), the direct dependence between Z and S matrix is given:
After adequate transformation, the above equation can be written as follows: 
The conversion of S-parameters into Z ones is possible on the basis of the carried out transformation. It is used for obtaining the differential impedance Zd.
Differential impedance
On the basis of the typical linear two-port network which characterized a DUT/AUT (Fig. 4) , the differential impedance Zd is defined as:
where DUT/AUT current I0=I1=-I2. If I0 is put into the model (3), the equation system is obtained:
It yields the differential impedance Zd dependent only on impedance parameters of the twoport network:
If the dependence (11) which is used for conversing Z parameters into S-parameters is put into (14) , the impedance equation is given as follows: 21 
This dependence can be utilized for simplifying the equation of differential impedance providing that both measuring channels are symmetrical (the test cables and the probe electrical connection lines are identical: S11=S22, S12=S21). It yields the uncomplicated solution: 
Finally, on the basis of (15) and (16) and also results of S matrix measurements (according to the arrangement presented in Figure 3-a) , the impedance parameters (1) or (2) can be obtained for DUT/AUT for the given antenna type and frequency band.
Results
The impedance measurement problem in RFID technique is discussed on the basis of practical implementations of various antenna constructions which are made in PCB technology. The measurement results are compared with numerical data obtained for models in the Mentor Graphics HyperLynx 3D EM (HL3DEM). The investigation has been done by using the test stand in the RFID laboratory at the Department of Electronic and Communications Systems, Rzeszow University of Technology (Fig. 5) . The S-parameters of DUT/AUT were measured by using the VNA Agilent PNA-X N5242A and the passive differential probe which has been selected according to the test antenna. This equipment was connected by flexible test cables: Agilent 85131F and Huber+Suhner (Astrolab) minibend. Firstly the stand was calibrated at the end of test cables by the electronic calibration module (Agilent N4691B) or the economy mechanical calibration kit (Agilent 85052D). Then the measurement reference plane was moved to the end of the probe tips by a port extension method [26] .
The first example is the octagonal RWD antenna which is dedicated to a multiprotocol circuit of a read/write device of the proximity-range RFID system in HF band [9] . The diagram of the HL3DEM antenna model is presented in Figure 6 -a. The test antenna has been realized practically on a PCB substrate by using typical FR-4 laminate (thickness 1.55 mm, dielectric constant 4.85 and loss tangent 0.025 at f=10 MHz, thickness of copper 18 μm) and is presented in Figure 6 -b. The loop impedance ZL is presented in Figure 6 -c. It has been calculated for the model and practically measured at the loop terminals by using the RG405 probe with adjustable tip spacing ( Fig. 3-b) and (16) for obtaining final results. The circuit parameters which have been calculated from (1) for the operating frequency f0=13.56 MHz are summarized in Table 1 (measurement results for antenna sample from Figure 6 ). The minor discrepancies which can be seen near self-resonance (Fig. 6-c) are due to the fact that material parameters have been assumed constant in the whole frequency band in the numerical calculation. The obtained values show satisfactory convergence in order to complete the process of antenna synthesis which has been comprehensively presented in [9] .
The second example is a UHF transponder antenna that is dedicated to work with the passive/semi-passive chip (IDS/AMS SL900A in QFN16 package [30] ). The diagram of the HL3DEM antenna model is presented in Figure 7 -a. The test antenna (Fig. 7-b) is made on Isola FR408 laminate of 0.51 mm thick (dielectric constant 4.19 and loss tangent 0.0117 at f=1 GHz, thickness of copper 18 μm). The antenna impedance ZA is presented in Figure 7 -c. It has been calculated for the model and practically measured by using the PacketMicro TDP10210 probe (Fig. 3-b) and (16) for obtaining final results.
The minor discrepancies which can be seen in Figure 7 -c are due to the fact that material parameters have been assumed constant in whole frequency band in the numerical calculation. These differences also arise from the accuracy of mapping the antenna geometry in the PCB technology processes, in which the PCB plotter LPKF ProtoMat S100 has been used. The obtained values in the whole RFID UHF band (860-960 MHz) show satisfactory convergence in order to analyze the impedance matching effect between antenna and chip.
Conclusion
Despite popular belief, the RFID market does not offer universal systems which could be dedicated for any application in various areas of people's economical and social activities. It is the main reason why every element of the RFID system has to be designed straight for a considered implementation. This problem especially concerns antenna constructions prepared for both transponder and RWD components. As it has been shown, the experimental verification of impedance parameters is more complicated and different than it is commonly executed in classical radio communication systems (the systems in which typical matching to the 50 Ω or 75 Ω value is obvious). The above-mentioned impedance parameters determined in each of desired frequency bands (LF, HF and UHF) are essential for estimating energy and communication conditions of RFID systems. The energy conditions influence the amount of energy conveyed from RWD to transponders. The communication conditions have an effect on efficiency of data transmission in the wireless medium. The correct and efficient antenna synthesis procedure is essential for determination of 3-dimentional interrogation zone which is a basic application parameter of RFID systems.
The measured and calculated results show satisfactory convergence, so the presented procedures can be easily implemented in the design of new RFID systems.
